Abstract. Real-time three-dimensional echocardiography (RT3DE) offers an efficient way to obtain complete 3D images of the heart over an entire cardiac cycle in just a few seconds. The complex 3D wall motion and temporal information contained in these 4D data sequences has the potential to enhance and supplement other imaging modalities for clinical diagnoses based on cardiac motion analysis. In our previous work, a 4D optical flow based method was developed to estimate dynamic cardiac metrics, including strains anddisplacements, from 4D ultrasound. In this study, in order to evaluate the ability of our method in detecting ischemic regions, coronary artery occlusion experiments at various locations were performed on five dogs. 4D ultrasound data acquired during these experiments were analyzed with our proposed method. Ischemia regions predicted by the outcome of strain measurements were compared to predictions from cardiac physiology with strong agreement. This is the first direct validation study of our image analysis method for clinical diagnoses and outcome.
Introduction
Motion estimation in echocardiography has been and continues to be an active area of research. Doppler ultrasound has become widespread for imaging flow and quantifying blood and tissue velocities. However, this method is limited by angular dependency, i.e., it can only quantify the axial component of motion along the transmitted acoustic wave. Speckle tracking methods [1] [2] [3] [4] overcome this limitation by directly tracking the backscattered echoes produced by the ultrasonic scatterers in blood and tissues. The tracking can be performed either in the image domain [2] [3] [4] or directly in the radio-frequency (RF) domain [1] . Although in theory this can be done on 1D, 2D, and 3D images, clinical applications are limited to 1D and 2D modalities. The ability of speckle tracking to estimate motion and strain has been validated against MR tagging in recent studies [5] .
Development of real-time 3D (RT3D) echocardiography started in the late 1990s [6] based on matrix phased array transducers. Recently, a new generation of RT3D transducers was introduced by Philips Medical Systems (Andover, MA) in the SONOS 7500, followed by the iE33 model, which can acquire a fully sampled cardiac volume in four cardiac cycles and capture complex 4D cardiac motion well. However, full exploitation of three-dimensional ultrasound data for qualitative and quantitative evaluation of cardiac function remains sub-optimal due to the lack of proper 4D analysis tools. Manual tracing of myocardial borders is a tedious task that requires the intervention of an expert cardiologist familiar with the ultrasound machine and an interactive drawing interface. For this reason, myocardial motion is commonly assessed via visual inspection of B-scan images. Moreover, to this date, there is no commercial real-time 3D ultrasound machine or software that can provide direct quantitative motion and strain measurements analogous to tissue Doppler or strain imaging, which has limited the application of RT3D echocardiography to anatomical measurements and visual inspection of cardiac motion.
For this reason, several image processing-based motion and strain estimations using 3D ultrasound have been proposed. Meunier [3] showed the performance of 3D speckle tracking using simulated ultrasound images. Our group [7, 8] has shown that using a correlation-based optical flow method, myocardial motion fields can be estimated, from which directional displacements and strains can be computed. In order to evaluate the values in clinical diagnosis, in this study, ischemia regions predicted by our method were directly compared to cardiac physiology prediction during controlled coronary occlusion experiments.
Method

Correlation-based Optical Flow
Optical flow (OF) tracking refers to the computation of the displacement field of objects in an image, based on the assumption that the intensity of the object remains constant. In this context, motion of the object is characterized by a flow of pixels with constant intensity. The assumption of intensity conservation is typically unrealistic for natural movies and medical imaging applications, motivating the argument that OF can only provide qualitative estimation of object motions. There are two global families of OF computation techniques: (1) Differential techniques [9] [10] [11] that compute velocity from spatio-temporal derivatives of pixel intensities; (2) Regionbased matching techniques [12, 13] , which compute the OF via identification of local displacements that provide optimal correlation of two consecutive image frames. Compared to differential OF approaches, region-based methods using correlation measures are less sensitive to noisy conditions and fast motion [14] but assume that displacements in small neighborhoods are similar. In three-dimensional ultrasound, this later approach appeared more appropriate and was selected for this study. Given two data sets from consecutive time frames: ( )
D for each pixel in a small neighborhoods  around a pixel x is estimated via maximization of the cross-correlation coefficient defined as:
In this study, correlation-based OF was applied to estimate the displacement of selected voxels between two consecutive ultrasound volumes in the cardiac cycle. The search window  was centered about every (5´5´5) pixel volume and was set to size (7´7´7).
Cardiac Dynamic Metrics
A flowchart of the computational framework is provided in Figure 1 below. Three coordinate systems are involved in the computational framework ( Figure 2 ): pixel coordinates (i, j, k), Cartesian coordinates (x, y, z), and cylindrical coordinates (r, θ, z). The OF estimation was performed in pixel coordinates. For the computation of dynamic information, displacements in pixel coordinates were converted into Cartesian coordinates and centered inside the ventricular cavity so that the z-axis was aligned with the long axis of left ventricle. This coordinate transform is performed via the rigid transformation: 
where R is a rotation matrix, T is a translation vector, equal to the negative pixel coordinates of the origin O of the Cartesian coordinate system. The ventricular axis was defined as the axis connecting the center of the mitral orifice and the endocardial apex. This axis has a very stable position during the whole cardiac cycle [15] . Based on the Cartesian coordinate system, a corresponding cylindrical coordinate system is established with the r- plane corresponding to the x-y plane and with the x-axis used as the reference for. Endocardial and epicardial tracing were provided by cardiologists at the enddiastole, i.e. the 1 st frame of the 4D ultrasound sequence, as an initialization. Based on that, myocardium voxels were segmented and automatically tracked via correlationbased optical flow algorithm through the whole cardiac cycle. Myocardial motion field (u x ,u y ,u z ) for each myocardial voxel provided by optical flow was then used to compute dynamic cardiac metrics, including:
 Displacement low magnitude |u| (mm)
, where the major diagonal values of E contain thickening, circumferential strain, and longitudinal strain  Twist / u z q ¶ ¶ and cardiac torsion.
Gradient values were computed directly in pixel coordinates and converted into cylindrical coordinate system via chain rule. Derivatives in pixel coordinates were approximated by central difference operators.
Since in clinical applications, temporal profiles of the segmental average values for displacements and strains are more valuable than ED-to-ES values, we modified our software so that it could compute temporal profiles of these cardiac dynamic metrics in segmental average fashion, according to the 16-segment model of the left ventricular myocardium according to the American Society of Echocardiography [16] .
Controlled Occlusion Experiments
To validate the ability of the proposed framework in predicting ischemia regions, several controlled occlusions during open heart canine experiments were performed under a protocol approved by Columbia University's Institutional Animal Care and Use Committee. In each experiment, 4 different occlusions, including distal and proximal LAD occlusion and distal and proximal LCx occlusions were performed. 4D ultrasound data was acquired during the experiment both for baseline and 2 minutes after occlusions with the iE33 ultrasound machine (Philips, Andover, MA). The same experiment protocol was repeated for five different dogs on five different days. 
Temporal Curves
Results of radial displacements and radial strain (thickening) on the baseline scan and after proximal LAD occlusion are shown in Figure 3 and Figure 4 respectively. Compared to the results of the baseline scan, radial displacement correctly indicated the outward motion of the anterior section and reduced motion for antero-septal and septal sections of the heart. Overall motion magnitudes were lower for the other three sections. The radial strain analysis results were even more interesting as : (1) negative radial strain values were observed for the anterior section throughout the whole cardiac cycle, (2) values for antero-septal segments also dropped, (3) whereas the values of lateral and posterior sections were relatively stable. Similar results can also be found from the circumferential strain values in Figure 5 : Under LAD occlusion, values on the anterior segment changed from normal values (negative) to abnormal (positive); values of antero-septal segments also dropped in magnitude, whereas values of lateral and posterior sections remained relatively stable. 
ED-ES 3D results
We also compared our findings based on optical flow strain on canine heart experimental data having a proximal LAD occlusion with predicted measures from a physiological finite element model [15] under the same occlusion status. Sample results are shown in Figure 6 . The abnormal region found by our proposed method of 4D optical flow (shown in red in Figure 6b ) were very similar to the model prediction (shown in Figure 6a ). Besides radial displacement, other metrics, such as wall thickening and cardiac torsion, have yielded similar results of agreement.
3D visualizations made with CardioViz3D software [17] of selected dog studies data are shown in Figure 7 . The studies are the baseline case and the proximal LAD occlusion case from the same dog side by side. The colors displayed on the 3D meshes are mapped to strain values rescaled between -1 and 1. From the results, the normal case on anterior and posterior views in Figure 7a and 7b shows mostly a green color mapping, while in the proximal case regions of blue color are shown in specific areas. In this example, we can therefore easily localize the abnormal area on the posterior view in Figure 7d . This result was compared to standard views for twodimensional echocardiography, and can indicate abnormal regions due to ischemia. These results also coincide with cardiac physiology findings for each case. 
Conclusion
A correlation-based optical flow (OF) method was applied to myocardial tracking on 4D ultrasound data. Based on the estimated motion fields, several dynamic cardiac metrics, including displacements and strain, were derived. The proposed method was applied to 4D ultrasound data acquired via controlled coronary artery occlusion. Ischemic regions predicted by temporal profiles of strain as well as ED-ES strain maps were aligned with predictions from a cardiac physiological model, simulated with the same occlusion position and extent. In the future, a finite-element based fitting could further improve both the accuracy and robustness of our proposed computational framework. The ability to derive strain measurement from real-time 3D ultrasound is of great clinical and practical importance. Thus, our method could provide a novel diagnostic tool that would allow researchers and clinicians to use 4D strain estimation based on echocardiography.
